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Background: Ketamine is a dissociative anesthetic, commonly used for analgesia and
anesthesia in a variety of pediatric procedures. It acts as a non-competitive antagonist to
block ion channels of the N-methyl-D-aspartate receptors (NMDARs). Our previous study
showed that repeated ketamine exposure developed a compensatory increase in NMDAR-
mediated currents in neurons of the anterior cingulate cortex (ACC) of neonatal rats, and this
increase was largely mediated by the GluN2B subunit-containing receptors, a predominant
type of NMDARSs during embryonic and early development of the brain. These data provide
the molecular evidence to support that immature neurons are highly vulnerable to the
development of apoptotic cell death after prolonged ketamine exposure.

Methods: Using whole-cell patch-clamp electrophysiology in an in vitro preparation of rat
forebrain slices containing the ACC, the present study aimed at further determining whether
GluN2B-containing NMDARs at extrasynaptic sites of immature neurons were the major
target of ketamine for developing a compensatory increase in NMDAR-mediated synaptic
transmission.

Results: Our major findings were that GluN2B subunits played a significant role in mediat-
ing ketamine-induced blockade of NMDAR-mediated currents in neonatal neurons and
GluN2B-containing NMDARs expressed at extrasynaptic sites in neonatal neurons were
the major player in compensatory enhancement of NMDAR-mediated currents after repeated
ketamine exposure.

Conclusion: These results provide new evidence to strongly indicate that GIuN2B-
containing NMDARs at extrasynaptic sites are the key molecule contributing to the high
vulnerability of the neonatal brain to ketamine-induced neurotoxic effects.

Keywords: immature neurons, ketamine, extrasynaptic NMDA receptors, GluN2B-
containing NMDA receptors

Introduction

Ketamine is well-known as an antagonist of the N-methyl-D-aspartate glutamate
receptors (NMDARs) with a myriad of clinical uses.'* Particularly, it is commonly
used in pediatric patients to induce analgesia and general anesthesia.> ® However,
over the last 20 years, experimental studies by our and other groups have shown
that prolonged or repeatedly systemic (in vivo) administration of ketamine triggered
neuronal apoptotic death in the developing brain.” ' Major areas affected are the
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frontal cortex (including the anterior cingulate cortex,
ACC), parietal cortex, hippocampus and amygdala.7’11
This neurodegenerative change is significantly linked to
the subsequent deficits of learning and memory later in
adulthood.'®'*!* An in vitro electrophysiological study by
our group suggests that the impairment of long-term
potentiation of the synaptic transmission in the ACC con-
tributes to the cognitive deficits.'* However, the mechan-
still

vulnerability of the neonatal brain to ketamine-induced

isms remain unclear underlying the selective
neuroapoptosis.

Structurally, NMDARs are ligand-gated ion channels
that exist as heterotetramers, which consist of two obliga-
tory GIuN1 subunits and two regulatory subunits of either
GIluN2 (GluN2A-2D) or GluN3 (GluN3A-B) subtype to
comprise diheteromeric and/or triheteromeric
receptors.'>'® Accumulating evidence showed that the
regulatory GluN2 composition, mainly GIuN2A/GluN2B
ratio, changes across the brain development. During
embryonic and early development, the central nervous
system (CNS) in particular the forebrain is predominated
by GluN2B-containing NMDARs.'”"'? Our previous study
reported a higher sensitivity of NMDARs to ketamine
block in immature neurons than in mature neurons.”’ We
then further demonstrated that after repeated exposure to
ketamine, the synaptic transmission mediated by GluN2B-
containing NMDARs was compensatorily increased in
neonatal neurons of the ACC.>' NMDARs are located
not only at synaptic but also at extrasynaptic sites. In
neonatal cortical neurons, extrasynaptic NMDARs make
up over three-fourth of all NMDARs.** At extrasynaptic
sites, GluN1/GluN2B are the major subunits comprising
NMDARs that are expressed significantly higher in neo-
natal pups.”>>> It has been proposed that active extrasy-
naptic NMDARs

neuronal apoptosis.>*?’ We have proposed that such

promote excitotoxicity, increasing
a compensatory increase in synaptic transmission mediated
by GIluN2B-containing NMDARs has high potential to
cause ketamine-induced apoptosis in immature neurons.”®

The present study is the logical next step to build on
our preceding studies.’?! We aim to further examine if
sensitivity of NMDARs to ketamine is predominantly
regulated by GIuN2B subunits in immature neurons of
the ACC, and then to evaluate the effects of repeated
ketamine exposure on the NMDAR channel activity at
extrasynaptic sites in these neurons. The results obtained
will provide further evidence that GluN2B-containing
NMDARs are the key molecule contributing to the high

vulnerability of the developing brain to ketamine-induced
neurotoxic effects.

Materials and Methods

Animals

Sprague-Dawley rats (male and female) in age groups of
postnatal day 7 (PND 7) and 4-5 week-old (adolescents)
were used in this study. Rats were housed under a 12—12
h constant light/dark cycle in a temperature (22-25°C) and
humidity (55-60%) controlled environment. Access to
food and water was provided ad libitum. Experimental
procedures were approved by the Institutional Animal
Care and Use Committee of University of Texas at
Arlington (#A13.008). All experiments were performed
according to the National Institutes of health (NIH) guide-
lines for the care and use of laboratory animals.

Brain Slice Preparation

After decapitation under deep anesthesia with sodium
pentobarbital (50 mg/kg, i.p.), the whole brain of a rat
was quickly transferred to an ice-cold (0—4°C) bath of
artificial cerebrospinal fluid (ACSF; composition in mM:
NaCl 124, KC1 3.3, KH,PO,4 1.2, CaCl, 2H,0 2.5, MgSO0,
2.4, NaHCO3; 26, and glucose 10, pH 7.3—7.4). The bath
was continuously bubbled with 95% O,,5% CO, gas mix-
ture. After cooling for about 2 min, the anterior half of the
forebrain (including the ACC) was isolated and glued onto
the stage of a vibratome (DTK-1000, Dosaka EM. Co.,
Ltd., Japan). 350-400 pm of coronal slices were sectioned
and immediately transferred to a chamber with oxygenated
ACSF (95% 0,/5% CO,) for recovery at room tempera-
ture (23-25°C) for 1.5-2 h. All electrophysiological patch-
clamp recordings were done at room temperature.

In vitro Whole-Cell Patch-Clamp
Electrophysiology

In vitro whole-cell patch-clamp recordings, data acquisi-
tion and equipment are similar with those in our pre-

k14,20,2l,29 and were

viously published wor briefly
described as below. Recording electrodes tip openings of
1-2 um (24 MQ) were prepared from borosilicate glass
(1.2 mm outside diameter, 0.69 mm inside) using
electrode puller (P-87, Sutter, USA).
Electrodes were filled with internal solution (composition
in mM: Cs,SOy4, 110; CaCl,, 0.5; MgCl,, 2; EGTA, 5;
HEPES, 5; tetracthylammonium-Cl, 5; with pH adjusted to

7.2-7.4 by CsOH, and had an osmolarity of 290-320

a horizontal
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mOsm). A brain slice was held down in the recording
chamber with an anchor and immersed in oxygenated
ACSF. The pyramidal neurons of the ACC were patched
under voltage-clamp mode at a holding membrane poten-
tial of =70 mV to maintain physiological conditions.
Neurons from layers II/IIl of the ACC were recognized
and identified by their morphology using a 40xwater-
immersion lens. Previously described recording proce-
dures were used to record evoked NMDAR-mediated
2021 Briefly, the NMDAR-mediated currents
were pharmacologically isolated by adding 6-cyano-
7-nitroquinoxaline-2,3-dione (CNQX, a non-NMDAR
antagonist, 10 pM; Sigma/Aldrich) and bicuculline (a
GABA, receptor antagonist, 10 uM; Sigma/Aldrich) to
the circulating ACSF, and recorded under voltage clamp
mode at a holding voltage of +40 mV. NMDAR-mediated
currents were evoked electrically by delivering a single
electrical pulse (0.3 ms, 0.25-0.5 mA) to the layer V of the
frontal cortex using a bipolar tungsten

currents.

stimulating
electrode®® and recorded with an Axon 200B amplifier
(Molecular Devices, USA) connected to a Digidata inter-
face (Digidata 1440A, Molecular Devices, USA).

Experimental Protocol

Recordings of NMDAR-Mediated Currents to
Examine the Role of GIuN2B Subunits in the
Regulation of Sensitivity of Immature Neurons to
Ketamine

The functional properties of NMDARs are regulated by
GluN2 subunits that experience a developmental switch in
alterations of the composition of these subunits (mainly
GluN2A/GIluN2B ratio) across developmental stages of
neurons. In the first part of the study, NMDAR-mediated
currents were recorded from brain slices of both PND 7 and
adolescent rats. Using pharmacological manipulations, the
currents regulated by GluN2A were isolated by bath appli-
cation of a GIuN2B antagonist, ifenprodil (IFEN, 3 uM;
Sigma/Aldrich) and the currents regulated by GluN2B were
isolated by bath application of a GIluN2A antagonist,
PEAQX (0.4 uM; Sigma/Aldrich), respectively.’®*' The
drug was bath applied to the circulating ACSF for 5-10
min after a neuron was patched. Control NMDAR-mediated
currents (without GIuN2A and GIuN2B antagonist treat-
ments) were set as 100%. The contributions of GluN2A
and GluN2B to NMDAR-mediated currents were then
determined, respectively. Thereafter, the role of GluN2B
in ketamine-induced channel blockade was examined by
bath application of ketamine (from Medvet Inc.) at the

concentration of 10 pM for 5 min®° to brain slices that had
been pre-treated with IFEN. The current levels when slices
were pre-treated with IFEN were set as 100%.

Recordings of Extrasynaptic
NMDAR-Mediated Currents to Examine
the Effects of Repeated Ketamine

Exposure

Repeated administrations of ketamine in vivo at a dose of
20 mg/kg have been established and validated to induce
significant neurotoxic injury to neurons as evidenced by
the apoptotic neuronal death in neonatal, but not adoles-
cent, rats.® Our previous study has reported that repeated
ketamine exposure enhanced the synaptic transmission
mediated by GluN2B-containing NMDARs in immature,
but not mature, neurons.’' Therefore, we wanted to use
this neonatal rat model to further evaluate the contribution
of extrasynaptic NMDARs to the enhanced channel activ-
ity after repeated ketamine exposure. Rat pups at the age
of PND 7, obtained randomly from different litters, were
assigned to ketamine and saline (control) treatment groups
randomly. Briefly, ketamine hydrochloride solution was
injected subcutaneously at a dose of 20 mg/kg for 6
times at 2 h intervals. Adolescent rats used to demonstrate
age-dependent effects of repeated ketamine exposure on
the NMDAR channel activity were also given the same
treatment. An equal volume of 0.9% saline was given
in vivo for control purposes. Animals were maintained at
a light-anesthetized level during ketamine treatment as
evidenced by lack of voluntary movement and minimal
reaction to the physical stimulation with body temperature
being maintained at 37°C using a thermostatical heating
blanket. Between injections and also during drug washout
time, the neonatal rats were returned back to their dams to
provide warmth and reduce potential stress.

The extrasynaptic NMDAR-mediated current activity was
pharmacologically isolated by selectively blocking the active
synaptic NMDARs. Using the procedures established and
validated by other groups,***> MK-801 (from Sigma-
Aldrich) was added to the circulating ACSF at the concentra-
tion of 20 pM for 5 min and repeated electrical stimulation
(0.125 Hz) was delivered to layer V of the cortex in the
presence of MK-801. After washout of MK-801 for 10 min,
the remaining currents were considered as extrasynaptic
NMDAR-mediated currents. The proportion of extrasynaptic
NMDAR-mediated currents in both neonatal and adolescent
brain slices was estimated as percentage of current levels
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before MK-801 pre-treatment (set as 100%). The effects of
prolonged ketamine exposure on currents mediated by extra-
synaptic NMDARs were examined in the neonatal brain slices
that had been repeatedly exposed to ketamine in vivo and pre-
treated with MK-801 in vitro. Extrasynaptic NMDAR-
mediated currents were recorded at 3, 8 and 12 h after the
last in vivo ketamine dose. The evoked channel activity
recorded 12 h after saline treatment in vivo served as a control.

Data Analysis and Statistics

Data were digitized using pCLAMP 10.3 (Molecular
Devices, USA). Statistical significance before and after
drug application was analyzed using paired ¢ tests.
A grouped ¢ test was used to compare the differences in
responses between groups with different ages, different
treatments or different time points. Data are reported as
mean+SEM with significance set at P<0.05.

Results

The Blocking Effect of Ketamine on
Current Activity Mediated by
GluN2B-Containing NMDARs in

Immature Neurons

Because the ratio of GIuN2A- and GIluN2B-containing
NMDARSs changes cross the developmental stages of the neu-
rons, we would like to evaluate the different contributions of
GIuN2A and GIuN2B to the regulation of NMDAR channel
activity of immature and mature neurons in the slices of the
forebrain from both neonatal and adolescent rats. To this end,
NMDAR-mediated currents were recorded from brain slices
that were pre-treated with IFEN (a GluN2B antagonist) and
PEAQX (a GluN2A antagonist), respectively. Figure 1A are
grouped data of the amplitude of currents recorded from IFEN-
and PEAQX-pretreated brain slices of neonatal and adolescent
rats. The mean amplitudes of currents were 58.7+6.2% (n=9
cells/7 rats) and 45.9+5.6% (n=9 cells/8 rats) of baselines when
bath application of IFEN and PEAQX, respectively, in neona-
tal brain slices. There was no statistical difference in the
amplitudes between the IFEN- and PEAQX-treated groups in
neonatal rats (P > 0.05). In contrast, the mean amplitudes of
currents were 85.4+4.7% (n=8 cells/6 rats) and 17.3+3.7%
(n=8 cells/5 rats) of baselines when bath application of IFEN
and PEAQX, respectively, in adolescent brain slices. There
was a significant statistical difference in the amplitude between
the IFEN- and PEAQX-treated groups in adolescent rats.
These data showed that NMDAR-mediated channel activity
is regulated fairly equally by both GIuN2A and GluN2B

subunits in immature neurons of neonatal rats. In contrast,
the channel activity is regulated much more predominantly
by GluN2A subunits in mature neurons of adolescent rats.
Thus, these results support the views that 1) GluN2B-
containing NMDARSs are abundantly expressed in immature
neurons and the GluN2B subunits play a substantial role in
channel regulation during the early postnatal period;'” "’
and 2) GluN2A/GluN2B ratio increases as brain development
progresses to maturity.34’3 >

Next, we examined whether the sensitivity of NMDARs to
ketamine’s blocking effect is regulated by GIluN2B subunits
since our previous experiments have revealed that ketamine
produced a greater and longer blocking effect on NMDAR
channels in immature neurons than in mature neurons.”’ The
experiments were performed in the brain slices that had been
pretreated with IFEN to test the effect of GluN2B inhibition on
the blockade of channel activity produced by ketamine. The
levels of NMDAR-mediated currents when slices were pre-
treated with IFEN were set as the baseline (100%). Figure 1B
shows representative traces of currents and their ketamine-
induced changes. In the presence of ketamine, the mean ampli-
tude of currents was 80.6+5.5% of baseline in neonatal brain
slices (n=10 cells/9 rats) and 30.5+£8.8% of baseline in adoles-
cent brain slices (n=8 cells/6 rats), respectively, as seen in
Figure 1C. Thus, inhibiting GluN2Bs significantly reduced
the blocking effect of ketamine on channel current activity in
immature neurons, as there was no statistically significant
difference between groups of baseline control and ketamine
treatment. In contrast, inhibition of GluN2Bs did not affect the
ketamine-induced blockade of channel current activity in
mature neurons, as there was a significant reduction in channel
current activity compared with baseline control. This was also
evidenced by the fact that the mean percent inhibition of
current amplitude produced by ketamine was significantly
lowered in mature neurons than in immature neurons (++,
P<0.01). Thus, these results strongly suggest that the
GIuN2B subunit plays a much bigger role in the sensitivity of
NMDARSs to ketamine’s blocking effect in immature neurons
compared to mature neurons.

The Changes in Channel Currents
Mediated by Extrasynaptic NMDARs in
Immature Neurons After Repeated

Ketamine Exposure
In immature neurons, GluN2B-containing receptors are
expressed significantly higher at extrasynaptic sites®® >

and GIuN2B plays a more significant role than GluN2A in
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Figure | Contributions of GIuUN2A and GIuN2B to the regulation of NMDAR-mediated currents and the role of GIuUN2B subunits in ketamine-induced blockade of currents
in immature and mature neurons. (A) Proportion of NMDAR currents regulated by GluN2A and GIuN2B were pharmacologically isolated by bath application of IFEN and
PEAQX, respectively, and was presented as percentage of baseline currents (without antagonist treatment, set as 100%). ***P<0.001 compared with current levels treated
with IFEN. (B and C) Ketamine-induced NMDAR channel blockade was tested by bath application of ketamine to brain slices that had been pre-treated with IFEN.
Representative traces are shown in (B). The levels of currents when slices were pre-treated with IFEN were set as baseline controls (100%). The changes in currents
following ketamine application were then compared with baseline controls (*¥P<0.01). A significant difference of the ketamine-induced reduction in channel currents

between groups of neonatal and adolescent neurons was determined and indicated as **P<0.01.

mediating the age-dependent compensatory upregulation of
NMDAR channel activity induced by repeated ketamine
exposure.”’ Thus, we wanted to specifically examine the
contribution of extrasynaptic NMDARs to such an age-
dependent enhancement of channel activity due to repeated
ketamine exposures. Extrasynaptic NMDAR-mediated cur-
rents were isolated by bath application of a use-dependent
and irreversible NMDAR blocker, MK-801, to pharmacolo-
gically remove active synaptic NMDAR channels as
described in Materials and Methods. Current levels before
MK-801 pre-treatment were set as baseline (100%). After
MK-801 treatment, the current amplitudes were 65.6+3.8%
of baseline in neonatal slices (n=10 cells/8 rats) and 37.0
+4.6% of baseline in adolescent ones (n=10 cells/6 rats),
respectively. There was a significant statistical difference in
the amplitudes between neonatal and adolescent group (++,

P<0.01). These data showed that extrasynaptic NMDARs
contributed over 65% to the mediation of current activity in
neonatal neurons compared to about 37% contributing to
current activity in adolescent neurons (Figure 2A). These are
generally consistent with a previous report that extrasynaptic
NMDARS represented up to three-quarters of all NMDARs
in immature brain neurons.”” Together with the data from
adolescent neurons (Figure 2A), the results demonstrated an
age-dependent difference in the contribution of extrasynap-
tic NMDARSs to channel current activity. Thus, the next
study was conducted only on neonatal neurons that had
been repeatedly exposed to ketamine in vivo and pretreated
with MK-801 in vitro. As shown in Figure 2B, repeat
exposures of neonatal rats to ketamine led to a significant
time-dependent increase in the amplitude of the extrasynap-
tic NMDAR-mediated currents, measured at 3, 8 and 12
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Figure 2 A time-dependent enhancement of extrasynaptic NMDAR-mediated channel current activity developed in neonatal brain neurons after ketamine was withdrawn
from in vivo repeated administration. (A) In both neonatal and adolescent brain slices, extrasynaptic NMDAR-mediated currents were isolated from synaptic currents by
MK-801 treatment followed by wash out. The contribution of extrasynaptic NMDARs to currents was presented as percentage of baseline current levels (100%, before MK-
80! treatment). *P<0.05; **P<0.01, compared with baseline levels. A statistically significant difference of the extrasynaptic NMDAR'’s contribution to currents between
groups of neonatal and adolescent neurons was determined and indicated as “*P<0.01. (B) Extrasynaptic NMDAR-mediated currents were recorded only from neonatal
brain slices at 3, 8 and 12 h after the last dose of ketamine administration. ¥, P<0.05, compared with the current level recorded from brain slices at |2 h after last saline
injection. Representative traces of currents are shown in the upper panels of (A and B).

h after the last ketamine exposure. The mean amplitude of
currents recorded at 12 h after saline injection in vivo was
set as 100% (baseline, n=10 cells/7 rats). At 3 h after the last
ketamine injection, the current amplitude was 105.1+8.8%
(n=10 cells/7 rats). The amplitude increased to 148.0+5.3%
(n=10 cells/10 rats) of baseline level at 8 h after the last
ketamine injection and to 150.1£7.6% (n=9 cells/9 rats) of
baseline at 12 h (Figure 2B). These results clearly revealed
that extrasynaptic NMDARs predominantly expressed in
immature neurons become active and are significantly
involved in the compensatory enhancement of excitatory
glutamate-mediated events following prolonged ketamine

exposure.

Discussion

In the present study, we have provided electrophysiologi-
cal evidence to indicate that the GIuN2B subunits contri-
bute substantially to the mediation of ketamine-induced
blockade of NMDAR channel activity in the immature
neurons of the developing brain, and that the compensa-
tory enhancement of NMDAR current activity in immature
neurons following repeated ketamine exposure is signifi-
cantly regulated by NMDARSs at extrasynaptic sites where
GluN2B-containing
expressed. These results together with our preceding

receptors  are  predominantly

published data strongly suggest a pathophysiological link
to the higher vulnerability to the triggering of neuroapop-
tosis specifically seen in the developing brain.

NMDARs with different compositions of regulatory
GIluN2 subunits confer distinct electrophysiological and
pharmacological properties on the receptors and couple
them with different regulatory mechanisms.'>'® Of these,
GluN2A- and GluN2B-containing receptor subtypes have
distinct roles in influencing the direction of synaptic
plasticity.**>” The expression of GluN2A or GIuN2B in
NMDARs varies depending on the developmental stage of
the neurons. During early development, the CNS is pre-
dominated by GIuN2B-containing NMDARs and the
expression of them peaks at PND 7 particularly in fore-
brain neurons.’®>° Using GluN2A and GluN2B antago-
nists in the present study, we measured the proportion of
channel currents mediated by GIluN2A-containing and
GluN2B-containing NMDARSs, respectively, in brain slices
of neonatal and adolescent rats. Our results suggest that
the GIuN2B subunit is involved in the regulation of
NMDAR channel activity in neonatal neurons, which is
consistent with the view that the CNS is predominated by
GluN2B-containing NMDARs that substantially regulate
the channel activity during early brain development.*®*’

These results prompted us to examine whether the
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effectiveness of ketamine-induced channel blockade is
GIuN2B-dependent in neonatal neurons. The results indi-
cate that GluN2B-containing NMDARs are more sensitive
than GluN2A-containing NMDARs to ketamine, evi-
denced by the facts that the blocking effect of ketamine
on channel currents in immature neurons was dramatically
reduced when GluN2Bs were inhibited by IFEN and inhi-
bition of GluN2Bs did not affect the ketamine-induced
channel blockade in mature neurons. Thus, a higher sensi-
tivity of such a type of NMDARs to ketamine is likely to
cause compensatory upregulation selectively in immature
neurons after prolonged ketamine exposure.

Data obtained from neurochemical and molecular studies
using animal models have shown that the expression of
GluN1 subunits was increased in neonatal neurons following
prolonged and/or repeated ketamine exposure in vivo.*! 404!
Such a compensatory upregulation of NMDARs corre-
sponded in the time-course to the development of apoptotic
neuronal death in the immature brain evident at 4-6 h after
the repeated ketamine exposure was withdrawn.”® Further,
a recent study by our group®' has shown that a) In neonatal
neurons, repeated ketamine administration led to a time-
dependent increase in NMDAR-mediated currents beginning
at 2 h after the last ketamine dose and peaking at 6-8 h,
consistent with the timeline of ketamine-induced neuroapop-
tosis; b) This increased NMDAR-mediated synaptic trans-
mission was also consistent with a significantly higher
expression of GIuN2B proteins, as well as an increase in
the GluN1 expression as shown in molecular studies by other

8,11,41
groups;™

¢). More importantly, the above increased
changes were GIuN2B-dependent and seen selectively in
immature neurons. The slower decay kinetics of GIuN2B-
containing NMDARs confer higher capacity for transfer of
Ca”" into neurons.>” When the receptors develop compensa-
tory up-regulation, a massive influx of Ca®* would trigger the
apoptosis selectively in immature neurons.*? These findings
have demonstrated the age-dependent effects of ketamine
and provided pathophysiological proof of ketamine’s ability
to affect the cellular and molecular responses of immature
neurons differently from their mature counterparts.

During the CNS development, extrasynaptic NMDARs
outnumber synaptic NMDARs, comprising up to three-
quarters of all NMDARs. GluN2B-containing NMDARs
are expressed more abundantly than GluN2A-containing
NMDARS at extrasynaptic sites.”> 2> It has been documen-
ted that NMDAR activity has the potential to promote the
process of survival or death in CNS neurons depending on
whether synaptic or extrasynaptic NMDARs and GluN2A-

or GluN2B-containing NMDARs are involved.?®*74344
Studies by our and other groups supported this view and
further suggested that compensatory up-regulation of
NMDARs induced by repeated or prolonged ketamine
exposure is age-dependent, selectively seen in neonatal

811.214041 Using the neonatal rat model of

neurons.
repeated ketamine administration, we wanted to test
whether the NMDARSs at extrasynaptic sites contribute
crucially to such a compensatory increase in synaptic
transmission due to prolonged ketamine exposure. Data
obtained from brain slices where extrasynaptic NMDARs
were isolated by blocking active synaptic NMDARs with
MK-801 showed that extrasynaptic NMDARs contributed
over 65% to the mediation of current activity in immature
neurons and over 37% to that in mature neurons, which
generally confirmed the age-dependent difference in the
contribution of extrasynaptic  NMDARs to channel
activity.”> We then further examined if prolonged ketamine
exposure-induced enhancement of NMDAR current activ-
ity in immature neurons involved the contribution of extra-
synaptic NMDARs. In brain slices of neonatal rats that had
been repeatedly exposed to ketamine in vivo and pre-
treated with MK-801 in vitro that blocked active synaptic
NMDARs, an enhancement of currents after withdrawal
from ketamine exposure was still evident as a 48-50%
increase, compared to the control group. It has also been
proposed that NMDARs are mobile and can shuttle
between the synaptic and extrasynaptic membrane. The
major function of extrasynaptic NMDARs would be to
waiting  to synaptic

form a reserve pool replace

receptors.*> However, a debate still remains on whether
such exchange is operated rapidly within minutes.*®*’
A recent finding appears to be supportive of our current
data showing that the exchange of receptors between
synaptic and extrasynaptic sites is mediated primarily by
GluN2B-containing NMDARs.*” Thus, it is strongly sug-
gested that GIluN2B-containing NMDARs abundantly
expressed at extrasynaptic sites in immature neurons con-
tribute as a major player to the compensatory enhancement
of NMDAR current activity following prolonged ketamine
exposure. Future work on this study will determine
whether pro-death signaling is triggered by the upregu-
lated extrasynaptic NMDARs of immature neurons con-
tributing to such an age-dependent neurotoxic effect.

In summary, new information provided by the present
study that
NMDARSs predominantly expressed in immature neurons

supports the view GIluN2B-containing

are upregulated progressively during the course of
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ketamine withdrawal from its prolonged administration in
neonatal rodents. Further, the evidence specifically indi-
cates that NMDAR-mediated signaling at extrasynaptic
sites becomes significantly enhanced due to prolonged
ketamine exposure. Thus, these findings have advanced
our understanding why the immature neurons are more
vulnerable to ketamine’s neurotoxic effects. In addition,
these experimental data could be the basis on which new
therapeutic strategies aimed at avoiding or reducing keta-
mine-induced adverse effects can be developed.
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